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INTRODUCTION

This analysis was prepared to aid in the failure investigation of the
High-Speed 7- x 10-Foot Wind Tunnel. The High-Speed 7- x 10-Foot Wind Tunnel
at Langley Research Center, Hampton, Virginia, experienced a catastrophic
failure of all 18 Sitka spruce fan blades during operation at 0.8 Mach number
on July 9, 1985. The High-Speed Tunnel, a closed-circuit/single-return
atmospheric wind tunnel, has been operated since 1945 to support a wide range
of subsonic aerodynamic tests and studies. The failed blade set had been in
use since 1975. In addition to blade loss, the most significant damage was a
bent main drive shaft for a total estimated damage loss of $1.7 million.

An analysis of the natural frequency characteristics as well as loads,
reactions, stresses and deflections of the fan drive system resulting from
steady-state and dynamic loads due to unbalance was performed. Transient
load cases were simulated by step input and ramp input loading functions
intended to simulate the loss of one to nine blades (maximum unbalance
forces). (Note: The fact that the fan rpm changes and there is a change in
inertia with time is not strictly accounted for in this problem but rather,
the solution(s) are intended to bound the dynamic response).

ANALYSIS

Math Model:

The 7- x 10-Foot Tunnel drive system is depicted as Figure 1 and consists of
an 18-blade fan disk driven by a 14,000 horsepower motor with 14 pole pairs
winding giving a top synchronous speed of 514 RPM, The drive system speed is
controlled by a motor generator set and liquid rheostat. For this study, the
coordinates along the shaft are based on the fan centerline at station 0; the
forward bearing at station 33; and the rear bearing at station 191.

Pertinent physical characteristics of the drive system are tabulated as

Table I and lists weights and inertia of the fan and motor. The analytical
programs utilized for this study use a continuous beam approach and the
distributive properties are tabulated as Tables II and III for the lateral
and torsional studies, respectively. Table II lists the stations along the
shaft (x); the distributed mass moment of inertia about a diametric pitch
axis; the mass which is the mass per unit length; EI which is the bending
stiffness; and ASG which is the shearing stiffness per inch. Similarly,
Table III gives the torsional physical characteristics as a function of x
(station along the shaft) where ZR is the rotational inertia per inch and JG
which is the torsional stiffness per inch.



Governing Equations For Oynamic Response Analysis

The lateral deflection can he represented in modal form solution as:

. galt) pp(x) (1)
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The governing differential equation for the generalized coordinate qq(t) is
(assuming initial conditions = 0)

Qn
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where ol
Qy = L Pi(t) ¢n(xp) = generalized force

Pi(t) = forcing function on shaft at blades

¢n(xp) = modal deflection at fan blades, station O

generalized mass

Mn

wy = modal frequency, rad/sec

Zn = modal dampening (assume 01)

Equation (2) will be solved for two types of generalized force, (a) a step
function and (b) a ramp/step function.

The magnitude of the forcing function is dependent upon the number of
blades loss. The force per blade is

F = mrwl (3)

The following assumptions are made:

18 blades total
Shaft speed = 465 RPM = 48.69 rad/sec
Weight of blade loss = 250 1b/blade

105 inches from centerline

¢.g. of blade
20°

blade spacing



The force for one blade loss is

e . 250 x 105 x 48.69% = 1.612209 £05 1
386

The force for loss of nine blades loss is

-n
[l

= 1.612E5 [sin 90 + 2 {sin 10 + sin 30 + sin 50 + sin 70}]

9.283E5 1b

-n
[}

force of 1/2 blades loss.

Unit Step Function Forcing - The Laplace equation for the unit step

forcing with 1/2 the blade loss and initial conditions gu(o) = &n(o) =0 is:

9.283E5 45 (xp)

. (4)
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qn(s) =

where S
wpd = wy /1,2 (5)

js the damped natural frequency. The time domain solution of equation (4) is
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where 8 = tan-l /1'Cn2 (7)
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Equation (6) is the generalized coordinate for the nth mode. The moment
response due to a step function force applied with zero initial conditions is:

! Qn(t) Wn(x) (8)
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where y,(x) is the modal moment for the nth mode and M(x,T) is the shaft
moment .

The shaft stress is given by:

M
1o 1 :__C_=_]L9_°_.]l.8_5_9_]L M(x’t) (9)
I b3

where D is the shaft diameter at x. \

A plot of the first five generalized coordinates is given as Figures 2a
to 2e. A plot of the maximum moments along the shaft, that is the maximum
values of equation (8) is given as Figure 3. The corresponding maximum shaft
shear is given as Figure 4. The shear time history at each side of the
hearing is given as Figures 5a and 5h. The moment time history at the bearing

is given as Figure 6.

Ramp/step forcing function - The shaft speed of 465 RPM has a period of
.129 seconds per revolution. 1If the forcing peaks in 1/2 of a revolution, the
ramp/step function for Toss of one-half of the blades can be assumed as

follows:

F(t) = 1.439E7t =5
\~ F(t) = 9.283E5

F(t) Z

The governing differential equation is:

an(t) + 2 gy wy 4a(t) + w2 qo(t)

.439E7E

Mn

The Laplace equation is:

1.439E7 8y (xp) (1-e™™)
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Qn(s) = (11)
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Then the solution of equation (11) is:
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Equations (13) and (14) are the generalized coordinates for the ramp/step input
and are plotted on Figures 7a to 7e for generalized coordinates 1 through 5,
respectively. Figures 7a-7e are for a rise time to first mode period rates,
11/t = 0.6. The shaft bearing maximum moment and maximum shear for the
ramp/step input is plotted as Figures 8 and 9, respectively. The time history
of the shear at each side of the bearing is given as Figure 10a and 10b and

tne time history of the moment is given as Figure 11.

Load cases studied:

Static loadings of (a) gravity, (b) an unbalance load due to one blade loss,
(c) an unbalance load due -to nine blades loss were evaluated. The applied
loading for the static blade loss was the centrifugal force unbalance only and




did not include the aerodynamic unbalance which is a small effect (adds
approximately 10% to all loads). The shaft was assumed to rotate at 465 RPM

and the weight of blade loss was 250 pounds at a center of gravity distance of
105 inches from axis of rotation.

Dynamic response studies for nine blades loss were run for a step function and
for a ramp/step function where the rise time was varied. Let the rise time be
defined as 11 and the shaft first mode period as t: then the ratio t/ 1) varied

0, .6, 1., 1.9, 2 for the dynamic runs.
RESULTS AND DISCUSSION

Dynamic Characteristics of Drive System. The lateral and torsional modal
analysis of the 7 X 10 tunnel was run on LRC programs LATVIB and TORVIB
(refs. 1 and 2), respectively. These programs use a transfer matrix approach
for the solution and therefore use a continuous beam description. Table IV
lists the lateral and torsional modal frequencies in units of hertz and the
generalized masses in units of Ih-sec2/in for the first five modes.

A Campbell diagram for the 7 X 10 tunnel drive is given as Figure 12. Al
modes are significantly above the 1 per revolution excitation. The first
lateral of 15.5 hertz corresponds to the 2 per revolution excitation at the
shaft speed of 465 RPM, The 7 X 10 tunnel drive should not, however, have a
high 2 per revolution excitation which might exist in an asymmetric shaft
design or a shaft drive with self aligning couplings.

A plot of the lateral mode shapes is given as Figure 13 and the torsional
mode shapes is given as Figure 14 for the first five modes.

A dynamic response for a step function torque of 1.E6 inch-1b. applied at the
fan centerline was accomplished. The generalized coordinates are defined
similar to equation (6) of analysis section except torsional frequencies, mass
and deflections were used. The maximum torque was calculated and tabulated as
Table 1. The maximum torque and maximum torsional stress for the step excita-
tion occurs at station 8 which is in the region of the fan keyway.

Steady state response:

The static steady state response was accomplished by a two point boundary
value program at LaRC. The forward bearing was simulated by a large spring
attached to ground at station 33 and the two boundaries were the free end at
the fan and the simply supported rear bearing. The physical properties for
the static problem were the same as listed previously for the dynamic studies.

The results for gravity load; l-blade loss (F = 1.6122ES 1b); and 9-blade

Toss (F = 9.283E5 1b) are given as Figures 15, 16, and 17, respectively. For
the tables, y represents the deflection (inches); alpha the slope in units of

radians; m the moment in units of inch-pounds; v the shear in units of pounds.



Unbalance force required to_deflect blade centerline 0.10 inches (steady
state response)

The deflection at the blade centerline (station 0) due to one blade loss
(force = 1.6122E5 1bs) was .0588 inch. This would indicate that a static
force of (.1/.0589) X 1.6122E5, or a loss of 1.7 blades would be required for
wall contact, where 0.10 inch has been assumed to be the blade clearance.

Dynamic response for loss of up to nine blades

The dynamic response for nine-blade loss and having a step function

(t/t1= 0), where 1) = rise time and t is the first mode period and for a
ramp/step function was presented in analysis section. A plot of the maximum
moment for the step and ramp/step function was given as Figures 3 and 8,
respectively, the latter being presented for the parameter t/rtry = .6, or the
rise time equal to one-half the first mode period. Similar plots were given
for the maximum shear in Figures 4 and 9. Figure 6 depicts the resulting
moment time history at the forward bearing station 33 and it is evident that
the modal participation is almost entirely that of the first mode. The shear
history given as Figures 5a and 5b, however, shows significant third mode par-
ticipation. The dynamic response history for the ramp/step function,

Figures 10a, 10b, and 11 show almost entirely first mode participation.

A general statement about the modal participation along the drive shaft is
that the modal participation consists of several modes but most of the shaft
can be described via the first mode.

The stress in the shaft is given by equation (9) which is

o« 10:18590 i) (9)

The stress at the forward bearing (x = 33) is obtained with 0 = 16 inches.

The reaction of the forward bearing is given by the difference between the
shear at station x = 33,

The deflection and slope at the forward bearing is given as Table VI for the
step and ramp/step function.

As has been mentioned earlier, the dynamic study for the parameter t/t) was
run for v/t =0, .6, 0., 1.5 and 2. Only the plots for /1y = .6 have been
included in this report. A tabulation of the results for the complete para-
metric study has been presented as Table VII. The aerodynamic moment was not
included in this study, as has been mentioned earlier. The aerodynamic unba-
lance would contribute approximately 10 percent the effect of the centrifugal
force unbalance. The results of the centrifugal force have been increased by
10 percent for Table VII. The values have been nor malized by their respective
static values and presented as Table VIII with a plot shown as Figure 16. On
Figure 18 is shown the dynamic factor for a single degree of freedom system,
As mentioned earlier, the dynamic response at the forward bearing was mostly
the first mode. Had the participation been entirely the first mode, the
curves would have been as per the single degree of freedom curve.



The analysis results presented have been for the centrifugal force created by
the hlade loss. An additional moment load is due to the aerodynamics
unbalance due to the blade loss and is approximately 10 percent of moment
created by the centrifugal force at the forward bearing. The results pre-
sented in Table VII for the moment and stress at the forward bearing account
for the aerodynamics unbalance,

A comparison of the calculated bending stresses at the bearing (highest stress
point) given in Table VII indicate that partial to total yielding of the shaft
would occur (see Table 1-A for strength values). In the case of a circular
shaft, the modulus of yield (or rupture) would be 1.6 times the tensile capa-
bility. Thus the stress required to form a plastic hinge would be

1.6 x Syjeld Or for fracture 1.6 x Syjr. Inspection of the drive shaft does
show that it is bent and therefore yielded partially so that the solution
results in Table VII are believed to bound the loads that the drive system
experienced due to blade failure.

Additionally, based on the estimated shear strength properties (see Table 1-B)
for the four bearing pedastal tie-down bolts which failed in shear, a reaction
at the bearing of approximately 854,000 Ibs. would be sufficient to shear the
bolts. Comparison of the required reaction load to the calculated loads in

Table VII shows that the peak unbalance reaction load for all cases studied is

greater than 854,000 1bs.

Nynamic blade loss for .1 inch deflection

The forcing for one-blade loss is 1.6122E5 and for nine-blade loss is 9.283E5.
For the step input, the nine-blade loss gave a fan centerline deflection of
.8228 inch. Thus

.1" deflection _ _FORCE
.8228" deflection  9.283E5

or FORCE = 1.1728E5 or 70% of one blade
For the ramp/step using t/1; = 0.6,

1" deflection - FORCE
.61752" deflection 9.283E5

or FORCE = 1.503E5 or 93% of one blade.



(4)

CONCLUSTONS

No instabilities of operational resonances for the drive system were
identified.

Upset (unbalance) loads due to blade(s) failure for all cases studied are
sufficient to partially or grossly yield the drive shaft, fail the
hearing pedestal bolts, and bring the blades into contact with the tunnel
shell which would result in almost instantaneous destruction of the
hlades.

Transient solution results correlate with the damage sustained due to the
mishap.

The analysis indicates that the loss of approximately 70% to 93% of the
mass of one blade would deflect the centerline of the fan 0.1 inch which
is the minimum measured operating gap between the blade tips and the

tunnel shell.

RECOMMENDATIONS

Upon completion of repairs, the drive shaft should be instrumented and
vibration measurements taken during shakedown.

Permanent drive system monitors should be installed to trip the system
offline if excessive vibrations occur.

If the present drive shaft is reused, hardness checks should be made and
very thorough inspections completed before installation.

Because of the flexibility of the drive shaft resulting in high sensi-
tivity to unbalance loads, consideration should be given to installing
frangible tips on the new blade set and operating with a larger gap
between the blade tip and tunnel wall.
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TABLE I

PHYSICAL CHARACTERISTICS OF 7 X 10 TUNNEL

Total drive weight = 79451 1b.

Fan blade and hub weight = 2800 1b.

Motor rotor weight = 30396 1b.

Total drive inertia = 437995 in 1b. sec?

Fan blade and hub inertia = 252787 in 1b. sec?

Motor rotor inertia = 182112 in 1b. sec?

TABLE I-A
SHAFT STRENGTH PROPERTIES
(ESTIMATES FROM HARDNESS CHECKS)

Room Temperature Values
Su]t = 95 ksi

TABLE I-B
BEARING TIE-DOWN BOLTS ULTIMATE STRENGTH PROPERTIES
(ESTIMATED FROM HARDNESS TESTS)

Tensile Ultimate ~ 117 ksi

Shear Ultimate - 94 ksi
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ORIGINAL PAGE IS TABLE II

A7 POOR QUALITY PHYSICAL CHARACTERISTICS

! ' 7x10 TUNNEL LATERAL MOOES

_ASG_

X Zp MASS el -

(INCHES) LB. SEC2 LB. Sec?/in2 LB. IN2 8.
-17.000 +435365E+00 «650C0E-01 «18142E+11 +80950E+09
—=1i1,000 - «45865E+00 +650CUE=OL «18142E+11 «8095GE+09
T-11.,000 ¢H26064E+04 «315c6E+01 °87597€+11 «1778HE+10

0,000 s 52664E+04 «31526E+0L «90172E+11 _ e1BUGTE+10 S
" 13.000 e52664E+04 «3L526E+01 «93293E+11 «18357€+10

13.000 $23586E+01 «14741E+00 «932913E+11 «18357€E+10
_ 19,000 023586E+01 «14741E400 +93293E+411 _ +18357&+10

19,000 ¢39923E+01 «19179E+00 e15791E+12 «23843E+10

244750 +39923E+01 +19179E+00 e15791E+12 " Te23883E+10

24.750 «18219E+01 e12956E+00 «T2066E+11 «16134E+10
""" 313,000 «18219E+01 . eL2956E+00 «T2066E+11 T .16134E+10
33,000 «18219E+01 v 12956E+00 «72066E+11 e 161364E+10

42,625 ¢18219E+01 «12956E+00 «T2066E+11 ,16134E+10

424625 ¢39923E+01 «l3L79E+00 e15791E+12 «23883E+10

T 50.625 ¢39923E4+01 «13179E+00 «15791E+12 «23883E+10
756,000 «119640E+02 «33167€400 4T229E+12 «41303E+10

56,000 «17295E+04 13175€+401 6T229E+12 «41303E+10

82,000 W17299E+04 W 131756401 47220E4+12 «41303€E+10

82,000 «17295€40¢ «18175E+01  W46253E+12 _ +40874E+10

83.009 e17295E+046 «13175E+01 e4b6253E+12 e@08T74E+10

96.500 L729%E4+06 «lol7YE+0L «46253E+12 v 40d74E+10

96.500 «17295E+0¢6 «1l3175E+01 e45292E+12 e 4064647E+10

109.5¢0 " W17295E¢+0¢4 +18L795E+01 e 45292E+12 T .40447E+10

" 109.500 o11450E+02 «32460E+00 45292E+12 «40647E+10
130.500 eL1450E+02 «32450E400 W 45292E+12 «40447E+10
©130.500 ll211E+02 e 321 39E+00 c46346E+]12 «%0023E+10
148.500 «l1211E+02 «32139£+00 W 46346E+12 «40023€+10
148,500 ¢ 10976E4+02 +318COE+00 «43415E+12 ¢39600€E+10
174.500 «1O976E+02 +318C0E+00 w43415E+12 «39600€+10
180,500 «74627E+00 8¢919E-01 e29513€E+11 «10326E+10
185.813 o 74627E+00 e32919E-01 «29518E+11 «10326E+10
T 185.813 +35989E+00 ¢575b2E=01 «16235€+11 «71707E4+09
" 191.000 «35989E+00 «57562E-01 16235E+11 e 71707E4+09
191.000 «35989E+00 ¢e37582E=01 214235E+11 «71707E409

T 196.188 ¢35989E+00 e575E2E-01 «164235€+11 «TLT707E+09
" 196.188 o 74627400 «32919E-01 «29519E+11 »10326E+10
T 207.938 «T4627E400 «32919E-01 «29513E+11  +10326E+10
T 207.938 ¢35989L+00. «37562E-01 +14235€+11 e71707E4+09
217.000 «35989E+00 W575E2E-01 e14235E+11 «71707E+09

© 229,000 ¢35989c+00° e27582E-01 «16235€+11 «71707E+09_

CENTER UF GRAVITY X = 59.31878
~"ToTAL MASS = 205.83259

S o . e12210E+05



TABLE III

PMYSICAL CHARACTERISTICS
POR TORSIONAL VIYRATIONS

7X10 TUNNEL TORSIUN MQOES

. l‘.

STATION X iR JG
(INCHES) LB. SEC2 LB. IN2
le |} ®l7,000 e P1731E+00 s 137063E011
le 2 el1,000 «OL731E+0Q0 e13763EeL1
te § 11,000 «10S3I3E+0S N-TITRIXISN
le 4 0,000 o10S33E0S sbBUUTESLY
e 5 13,000 o 10533E405 oTOTT4E+L
le & 13,000 WHT1T1IERO! eTUTTUELY
e 7 19,000 «4Tt71E¢01 oTOUTTUESLY
le 8 19,900 «7984bE e o11980E¢12
le 9 e4,750 o 71984BESQL «11980€¢12
le 10 24, 7%0 . 30439€+01 WSUBT1EL
1v 11 42,025 30039E+01 WSUbTIESLY
1e W2,02% e 79840Ee01L o11980E¢}2
e {3 50,625 e 19840E0!L o 11980E¢t2
v 14 50,500 «238b1Ee02 035829¢+12
lv 19 56,500 «34890E04 ¢35829E¢12
e 1o 82,000 e JUSIOESY 1358¢9E+12
1e |7 83,000 e 348§90E¢04 03S089€E~12
e {8 63,000 e JUSIQEL 04 035089E+12
1e 19 96,500 «34S90E004 ¢ 35089E+12
fv 20 90,500 <J4SY0ESUG 3u359E+12
1e 21 109,500 o JUSY0E+0Y 0 34359E¢12
1e 22 109,5¢¢ o 22903E+02 «JUISIELLR
1« 23 130,500 «22901E40u2 +34359E 12
je 24 130,500 sC2UC3EN(R e336U2E 42
1= 29 148,500 o22423Ee02 33042Ee12
e 20 148,900 e21952E+02 032938kt 2
o g7 174,500 e@1952E+02 «e32935¢E+412
1= 28 180,500 «1492SE01 022393E 41
o 29 165,813 e 14928E+ 01 e€2393E+ )
ie 30 189,813 «T1378E¢00 e10799k e} ¢
e 31 196,188 «711378E¢00 e10799E€1}
e 32 190,188 «1U925ES01 022593E¢1t
e 33 av?,938 «14925Ee01 022393E¢41
le 34 207,938 o T1378E¢00 s lUT99E 01}
le 35 o T11978E+00 W10796E0 11

229,040

CENTER OF ROTART INERTIA s

TOTAL ROTARY [NERT[A- 3

'R

WH43799S0E 06

3I5,80546

13



TABLE IV

LATERAL TORSIONAL
M0DE FREQUENCY GENERALIZED FREQUENCY GENERALIZED
(Hz) MASS (Hz) MASS
1 15.517 .9477058E2 18.015 .1865477€E6
2 41.505 .9890384E2 55.555 .1336389EL6
3 71.782 .1650873E3 96.238 .8230074E5
4 116.054 .7522273E1 104.498 .1312093E6
5 131.51 .1084724E2 160.1341 .9236134E5
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ORIGINAL PAGE IS TABLE V
OF POOR QUALITY MAXIMUM TORSIONAL RESPONSE DUE TO STEP FUNCTIONS

. T TRANSONIC~ DYNAMIC’TUNNEE ‘TORSICNALS ANALYSTS —
GENERALIZED COORDIMATE ° 1 = . _—,1952220E-03% : .-
GENERALIZED L.DGr\DINHu:-_.Z =. .2412180E-05 : TT

- GENERALIZED: COORDINATE=~ 3. = ..:7.5478S92E-05.... =  — - —

| GENERALIZED COORDINATEI . 4 =-7~"=/143 28075;04",;H. : -

GENERAtIZED'COORDINATE 5 =— .3090223E-0F - - —- =
X . TIME -  MAX: TDROUE X TIME MAX TORQUE

-17.000 - 0, unuonoo 0. . RZLSOO . L.0298782° .3I8I6711E4+06 —

-15.000 . 0275799 -.1‘9749 E+02- - 64,5000 T T .082739& “37334404E+08

-13.000 LO275799 7T L 2594881E+0T i -——ee—quo -, 0827396 — .3711308E+0&—-

-11.000 L0275799. . I891980E+02 T 68,500 L0827376 - JIL796B4E+06

—=11.000. = .027579% _..3I891930E+02 - C70.500 7 T L0827396 - . .36377134E+06

-9.000 .0275799 - . 1489550E+06 ~ 72.5Q00 . .032175% . ,3I5849I3E+06

=7.000 L027579% - .264031SE+04 " 74.500 . 0191765- "« 3561951E+06.
-5.000 . 0275799 . 3I208670E+06 - 278,500 217690 J.3S5218T0E+06 - =
=3.000 JO298782 T L I174364E+06 —78. 5uo..-m.o 21765 .Z36T092E+06 ..

-=1.000 - 0298782 -, 3222724E+06— T 80.S00 °  .0321785 . .33I84S27E+06

e g QOO ey D2FPB7 B R ¢ IO 7L ITBE+ o 82.000 - 01765 . 3311981E+06. .

T 2,000 . 0229832 .T4574T1LE+0S 82.000 . 0381765 «3311981E+04
4,000 L0229832  L4307049E+06 T 83,000 03217685 [ 3I25693TE+04 -
5.000 0252815 « 49F1700E+06 o 85.000 _  .0321764. < 31304S0E+0& - --
g.000 TL0Z52813 T T.S269372E+06 © 7 87.000 L0321765 .2981845E+06

— 10,000 0252815 .499621 1E+06— 8Z.00Q ' L0T21765 _ .2BL12SSE+0s6
12.000 ~ .0252815 «42993ISBE+0S CR1.000 7 T L 0221765 c2619162E+06
13.000 .0275799 «341464TE+0b6 ~" 93,000 - .0321765 . 23086390E+06 -
13,000 02757399 +3414643E+0S _ . 95.000 LO221765 cR2178091E+06
14.u00“*‘ 0275799  .48Y4944E+04 946.500 L0321765 . 1988007E+06
17.000 = .0275799 . 4415249E+06 — 26.50Q __ _ .Q3I21765. .1988007E+04 __
19.000 . .0275799 .4415495E+064 — 2R A0Q QT 21785_ . 172S078E+04
19.000 LO275799 -, 441S49SE+0 100.S00 0321765 .1447023E+04

L21.000 . .0275729 " _.441586TE+06_ 102.500 L0321765 . 11S609SE+06

23.000 L0275799 «4416174E+06 TTI04,.500 .0321765  .8S47610E+05
24.750  .0275799 - .441645IE+046 106.500 LOI2176S . S54556619E+0S
24.750 L0275799 - . 44164SIE+06 _108.500_.  .0721765 3 .231S484E+05

- 263750 - L02757997 441 6562E+08E " 109.500 0321765 «737164TE+04

28.750 L0275799 - L 4416463TE+06 109.500 L0321765 .7371647E+04
.30.750 0275799 . 441b6668E+06 111.3500 L0321765  .7162285E+04
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36.750 0275799 L.44146548E+06 © 117.500 LO321765 .65:1617E+u4
38.750 ~4 0275799 ~- .4416433E+04 S 119.500 0321755 .6320372E+08
40,750 «0275799~ .44156281E+06 . 121.500 .03 11765 .6109138E+04
42.425 0275799 . 4416105E+06 123,506 TL0371765°  .S897327E+04
42.5825 - 0275799 T .441610SE+0& 125.500 - ,03217465 . S685151E+04 -
44.623. - .0275799 -  .44154637E+06 127.500 = ,0321765 .S47262SE+04
4H.625 . Q273799 «4413132E+Q6 . 129.500 LOI21765 .S259761E+04
AR ATS . NAPT7R79F 4 431 3TRFEFOAE L 130,500 0321765 .S1S3207E+04
‘so. 625 .0275799-ﬂ .4414UO9E+06' ' 7130.500 .0321765 «S1S3I207E+04
52.625-  .0275799 .. .4413177E+0b T 132,500 TL0321765 T J4934312E+04
54.623 . 0275799 +4411386E+04 134,500 LO3I21745 s 37ITLIELQA
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58.500 . 0298782 .4128767E+06 . 140.500 L0321765 . 410580SE+04

40.300 . 0298782 . 398THSZE+OS " 142.500 «0321765 . 2BP5511E+04



TABLE V (CONT'D)

X TIME MAX TORQUE
i 144,500 LO321765 - «368497SE+04 -
136.500 - - 0321765 .I474210E+04 - -
;148,500 LO32176S LI24T2TOEHOSE .
| 148,500 ;f,03217es-“.32632305+0¢?€?
glso.soo ;0321765Zw..3056480E+04.w:
i 152,500 — 0321765 ~  <28495S40E+04° -
P 154,500 T 03217650 L2642 2TE404
1 156.500 LO321765 .243S514TE+08
1 158.500° L0321765 L2227711E+04
160.500 LO321765 . 2020140E+04
162.500 L0321765 .1812845E+04  _
164.500 L0321765 .1604636E+04
166.500 . 0321763 . 1396728E+04 .
168.500 ~ 0321765 . 118873TE+04 7
170.500 0321765 .9806644E+03
172.500 L0O321765 .7725T41E+03 &
174.500 L0321785 . S643SL0E+O3
176.500 . L0O321765 .2884883IE+03
{78,500 ~ T.Q3IZ1763 .2772880E+03
‘*180:500“———7032r763“‘“12307749E+03-*-
182.500 .0321755 C21865995E+03
184.500 ——..03217635 .2024106E+03
18S5.813 L0321765 . 19T0922E+03
183.813 J0321765 . 19T0922E+0T T
18778t3———“?032r755——“71862364E+03———
189.813 0321763 L 179TLIFOEFOS
191.313 LQ3217465 . 1724904E+03
“193.813____-0321765_m_-1656008E+03"__
195.813 - - .0321765 . 1S8700FE+Q0T
196.188 0321765 C1S574061E+03
194.188 L0321765 C1S574061E+03
198.188 T~ .0321785 .14T079TE+O3
200 . 188 - —. 0321765 - +28743SE+O3 -
202.188 0321765 .1143996E+03
~04.188. = .0321765 . 1000485E+03
206.188 | .03217465 .8569116E+02
207.938 .032176S .7312404E+02
207.938 0321765 .7312404E+02 - -
 209.938 .- - L0321763 - L5619345E+02
211.928 L0321765 .S92606FE+02
213.938 L0321765 .S232320E+02
215.938 - L0321765  .4S3B8241E+0Z -
217.938 L032176S  .3843877E+02
219.938 .0321765 .3149271E+02
221.978 J0321765 .2454467E+02
223.978- LO032176S . 1759S08E+02
225.938 S0321765 . 1064438E+02

' m27.938 TTUTI0321765 . 3693008E+OL
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TABLE VI
DEFLECTION AND SLOPE AT FAN CENTERLINE

STEP FUNCTION

Mode qp(t = .033592) &y(xp = 0) ¥4(xy = 0) yn = Qn% Y0 = dp¥
1 1.278262 .60162 -.022707 .7690279 - .02902549
2 - .01081068 -.044972 -.0083563 8.14299-4 1.513058-4
3 .04782744 .98205 .016846 4.696893-2 8.05701-4
4 - .002432855 -.023794 -.0016474 5.788735-5 4.007885-6
5 .03610952 .16984 .0061097 6.132671-3 2.206122-4

Yn = .8228 yn = -2.7849-2
= -1.59566 deg.

RAMP/STEP FUNCTION t = .0387

Mode qn(t = .0387 ) 5@}52_5_9) ¥p(xp = 0) Yn = Gn®n YN = dpidy
1 .97 .60162 -.022707 583571 - .022026
2 - .0076 -.044972 -.0083563  3.41787-4  6.351-5
3 .0302 .98205 .016846 .02966 5.0875-4
4 - .00615 -.023794 -.0016474 1.4633-4  1.01315-5
5 .0226 .16984 .0061097  3.83838-3  1.3808-4
yn = 617519 yn = -2.13-2

= -1.,2207 deg.
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Figure 1. - 7 X 10 drive system
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Figure 2a. - Mode 1 Generalized Coordinate for Step Function.
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Figure 2c. - Mode 3 Generalized Coordinate for Step Function.
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Figure 2d. - Mode 4 Generalized Coordinate for Step Function.
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Figure 3. - Maximum Moment at Forward Bearing for Step Function.



27

*buLJeag pJeMJo4 e uol3Iduny dajg JOj Jedys WnuLxel - *p aJnbi4

SIHINI ‘X
00€ 092 022 081 Oht 001 09 02 02-
—:_::qﬁ—::-:ﬂ-—:—:::——::::—:_:——ﬂ-—:q:__::_::: ¥ ::::m \twl
E
=
3
=
Jao
E
m ><
- w
— m
= D
- =)
= —
—He @
=y
i 3
=N
s
q01 X



28

Figure 5a. - Step Function Shear at Forward Bearing.
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Figure 5b. - Step Function Shear at Forward Bearing.
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Figure 6. - Step Function Moment at Forward Bearing.
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Figure 7a. - Mode 1 Generalized Coordinate for Ramp/Step Function.
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Figure 7c. - Mode 3 Generalized Coordinate for Ramp/Step Function.
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Figure 7d. - Mode 4 Generalized Coordinate for Ramp/Step Function.
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Figure 7e. - Mode 5 Generalized Coordinate for Ramp/Step Function.
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Figure 8. - Maximum Moment at Forward Bearing for Ramp/Step Functian.
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Figure 11, - Ramp/Step Moment at Forward Bearing.
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